Gestating sows were fed diets in which 15% of the metabolizable energy was in the form of glucose monohydrate (control), 1,3-butanediol (BD) or an equimolar mixture of acetate and lactate (AL) in order to study the effects of ketogenic, glucogenic and lipogenic substrates on fetal energy storage. Diets were initiated on d 90 of gestation.
Introduction
Preweaning mortality in swine usually varies from 13 to 25% of the total pigs born alive, with 60% of this loss occurring within the initial 3 to 4 d after birth (Boyd, 1979) . The primary causes of death are overlay by the sow and starvation due to the inability to successfully compete with littermates (Nielsen et al., 1974; Hartsock et al., 1977) .
Born with little mobilizable fat and poor gluconeogenic capacity when fasted (Pegorier et al., 1982) , the newborn pig is dependent on glycogen stores and ample colostrum and milk intake to maintain satisfactory blood glucose levels. Also, hepatic glycogen stores are rapidly depleted (Boyd et al., 1978) , and in a fasting situation pigs develop hypoglycemia within 24 h after birth (Swiatek et al., 1968) .
Researchers have demonstrated that inclusion of 1,3-butanediol, a synthetic carbohydrate and ketogenic substance, in sow gestation diets results in increased fetal hepatic glycogen and neonatal pig survival (Stahly et al., 1980; Rosebrough et al., 1981) . The beneficial effect of a ketogenic diet is potentially due to the glucose-sparing effects of ketone bodies (Robinson and WiUiamson, 1980) , making .09 .07 I00.00 I00.00 100.00 aMetabolizable energy value used in calculation was 6.30 kcal/g based on Miller and Dymsza (1967) and Davenport and Griffith (1969) .
bMixture consists of: DL-lactic acid (85%), 9.0% of complete diet; calcium lactate.H20, 1.00% (Land O'Lakes, Fort Dodge, IA); acetic acid, 2.00%; potassium acetate, 2.60% (Sigma Chemical Co., St. Louis, MO); sodium acetate, 2.50% (Fisher Chemical Co., Rochester, NY). Metabolizable energy values were estimated, by calculation, to be 3.18 and 3.29 kcal/g for acetic and lactic acids, respectively.
Ccontributed the following per kg of complete diet: vitamin A, 5,280 IU; vitamin D~, 352 IU; vitamin E, 18 IU; vitamin K, 4.4 mg; riboflavin, 4.4 mg; pantothenic acid, 15 mg; niacin, 25 mg; choline chloride, 330 rag; vitamin B12 , 25 #g; ethoxyquin, 4.4 mg; biotin, 7.9 g; in a ground corn carrier.
dcontributed the following in mg/kg of diet: Zn, 90; Fe, 90; Mn, 5.4; Cu, 8; I, .3; Se, .08. additional glucose available within the fetus for glycogen deposition. The purpose of this study was to confirm the reported increase in energy storage of newborn pigs, to characterize the metabolic response in the sow and to compare the results with a diet containing a mixture of acetate and lactate. We investigated the principle of fetal metabolic regulation potentially available through sow feeding programs. The hypothesis was that energy storage in the fetal pig can be increased by inclusion of ketogenic, glucogenic and lipogenic substrates in the maternal diet.
Experimental Procedure
Thirty crossbred (Yorkshire • Duroc) first-, second-and third-parity sows were used in this study. All sows were fed approximately 1.82 kg at 0600 h daily of a corta-soybean meal diet (14% protein) that was fortified with vitamins and minerals until d 90 of gestation. On d 90, sows were randomly allotted within parity to one of three dietary treatment groups (table 1).
6 Celanese Chemical Co., New York, NY.
The control group was fed 1.95 kg of a cornsoybean meal based diet plus an additional .33 kg of glucose monohydrate daily. The butanediol (BD) and acetate-lactate (AL) groups were fed 1.95 kg of a basal diet with .18 kg of 1,3-butanediol 6 or .41 kg of an equimolar mixture of acetate and lactate (footnote b, table 1) in exchange for glucose monohydrate. The mixture of acetate and lactate was fed in contrast to feeding each separately, because the role of each was considered secondary to testing the effectiveness of providing alternative substrates to increase fetal energy. The energy sources under study represented 15% of the metabolizable energy (ME) of the total diet. All diets provided approximately 7,200 Kcal of ME'head-I'd -1 and a constant intake of nutrients, so that the source of energy (isocaloric addition) was the variable of interest.
Blood samples were obtained from sows via the anterior vena cava (Carle and Dewhirst, 1942) on d 102 of gestation 2 and 8 h after feeding. Blood for glucose, lactate and acetate analyses was immediately placed in a tube containing sodium fluoride (inhibits glycolysis) and potassium oxalate (anticoagulant). Blood for free fatty acid (FFA) and /3-hydroxybuty-rate (13HBA) analyses was collected in an evacuated glass tube 7 containing sodium heparin. Tubes were chilled on ice until centrifugation. Following centrifugation, 2 ml of plasma from the sodium fluoride tube was deproteinized with .92 M perchloric acid for subsequent lactate analysis. All plasma fractions were frozen (-10C) until analyzed. Plasma glucose was determined by automated analysis s using a modification of the glucose oxidase method (Gochman and Schmitz, 1972) . Plasma FFA concentration was determined using a semi-automated colorimetric procedure (Dalton and Kowalski, 1967) . Plasma ~HBA, used as an index of ketogenesis, and lactate were analyzed by enzymatic methods (Williamson and Mellanby, 1965) 9. Plasma acetate concentration was determined by gas-liquid chromatography 1~ .
Parturition was synchronously induced by im injection of 10 mg of prostaglandin Fza at 0800 h on d 113 of gestation to insure constancy of farrowing (d 114). Two pigs/litter were fasted 36 h, which was initiated at birth, and two pigs were sacrificed for liver glycogen determination. Both were balanced for sex within litter. A blood sample was collected (anterior vena cava) from pigs, designated for fasting, immediately after birth and at 12, 24 and 36 h. They were removed from the sow before nursing, weighed and placed in an environmentally controlled room (32 -+ 1 C) in individual cages with water available ad libitum. Blood was collected in an evacuated glass tube containing sodium heparin. Tubes were chilled on ice, centrifuged and 1 ml of plasma was placed in a tube containing 500 KIU Aprotinin for subsequent insulin and glucagon analysis. Remaining plasma was placed in a separate tube and all plasma frozen (-10 C) until analysis.
Plasma glucose and FFA were determined as stated previously. Plasma concentration of insulin (Herbert et al., 1965) and glucagon 11 were assayed by radioimmunoassay. Standards used in assays were: porcine insulin (lot #615-07J-256) and crystalline beef-pork glucagon (lot #3UHIF) 12 .
Vacutainer, Becton-Dickinson, Rutherford, NJ. Pigs designated for liver glycogen determination were removed immediately after birth, weighed, mechanically stunned, and killed by exsanguination. As rapidly as possible, the liver was removed, blotted for the removal of blood, weighed and frozen in liquid nitrogen. The livers were stored at -10 C until analyzed. Liver glycogen concentration was determined by a colorimetric method (Lo et al., 1970) .
Data were analyzed by appropriate analysis of variance procedures for the split-plot design (Steel and Torrie, 1960) , using the Statistical Analysis System (SAS, 1982) . The sow was defined as the experimental unit. Birth weight was included as a covariate in the analysis of variance for glucose, FFA and insulin because it accounted for a significant proportion of variation. The "t" test was utilized to compare nonorthogonal, but preplanned, treatment means: control vs butanediol; control vs acetatelactate; butanediol vs acetate-lactate. Orthogonal polynomials were calculated for linear, quadratic and cubic response curves to describe time effects for fasting data.
Results and Discussion
The effect of dietary treatment on plasma metabolites in sows is presented in table 2. Altering the concentration of circulating metabolites in maternal plasma may make more nutrients available for fetal growth and energy storage. A treatment • time effect (P<.07) was observed for glucose. Plasma glucose concentrations were similar for BD, AL and control sows 2 h after feeding (76, 77 and 80 mg/dl, respectively), but different (P<.01) at 8 h (72 vs 82, 86). The concentration of FFA appeared to be unaltered by dietary treatment. The levels of FFA were consistently lower than values reported in the literature; however, our results are judged to be credible on the basis of standard recoveries (97.5 to 102% recovery from 50 to 350/aEq/liter). Plasma concentration of the ketone, ~HBA, was higher (P<.001) in sows receiving BD when compared with those receiving control or AL diets (.54 vs .12, .14 mM, respectively). The increase in /3HBA observed at 2 h was maintained through 8 h. This long-term elevation could result in prolonged exposure of the fetal pigs to this ketone, provided placental transfer occurs as with humans (Paterson et al., 1967) and rats (Scow et al., 1958) . A treatment • time effect (P<.02) was observed for plasma acetate. Sows receiving diets supplemented with acetate had higher levels at 2 h compared with those on control diets (7.8 vs 5.8 mg/dl), but this was transient so that values were similar for all treatments 8 h after feeding. Diet supplementation with lactate failed to effect an increase in the concentration of plasma lactate. In fact, the concentration appeared to decrease (P<.10) in sows on the AL treatment compared with the control group (69 vs 101 mg/dl). This decrease may reflect overcompensation for the lactate "load" from the AL diet. The pattern of metabolites in maternal circulation indicates that gestating sows receiving BD and AL diets were metabolically manipulated in accordance with the design of the experiment,
The effect of maternal dietary treatment on liver glycogen in newborn pigs is presented in table 3. No significant differences were observed for mean birth or liver weight between treatments. Liver glycogen concentration was only moderately increased in pigs from BD and AL sows (113,109 vs 97 mg/g); however, total liver glycogen increased 32 to 35% in pigs derived from AL and BD sows compared with pigs from control, sows. Pigs in the AL group had 4.18 g of total glycogen, which was higher (P<.IO) than control pigs (3.09 g). Pigs in the BD group were higher but not significantly different (4.07 g) from the control group. When liver glycogen content was related to body weight, pigs in the control group had 248 mg glycogen/100 g of body weight compared with 323 and 328 for pigs from BD and AL sows, respectively. This demonstrates the importance of modest increases in glycogen concentration and liver weight to the total energy available for mobilization. The effect on muscle glycogen was not determined. Similar increases in liver glycogen were observed by both Rosebrough et al. (1981) and Stahly et al. (1980) for BD. We are not aware of any data on the effect of short--chain acids on energy storage in the fetal pig.
The effect of maternal dietary energy source on some metabolic and hormone responses by fasting newborn pigs is presented in table 4. A treatment • time effect (P<.001) was observed for plasma glucose, although no significant differences were observed, between means, for observed at 24 h (19 to 23%) were still apparent after 36 h (17 to 25%) and clearly a hypoglycemic state prevailed across all treatments.
It is important to note that liver glycogen declines to minimal levels after 18 to 24 h of fasting in newborn pigs and plasma glucose reflects the depletion (Elliot and Lodge, 1977; Boyd et al., 1978; Pegorier et al., 1981) . In this experiment, pigs from control sows exhibited a glucose pattern similar to that reported earlier except that hypoglycemic levels were observed earlier (Swiatek et al., 1968; Boyd et al., 1981) . Apparent maintenance of higher plasma glucose through the 24-to 36-h period by pigs from BD and AL sows suggests that elevated liver glycogen content imparted an ability to resist development of hypoglycemia. This could result in a more viable, competitive pig.
No treatment effect was observed for plasma FFA in fasting pigs. All three groups exhibited a quadratic FFA pattern (P<.001), suggesting an initial mobilization of lipid reserves followed by the failure to sustain lipolysis (figure 1). Because the level of FFA mobilized was similar among treatments, it was concluded that neither BD or AL treatment enhanced fetal lipogencsis. Rosebrough et al. (1981) analyzed lipid content of pigs from sows fed BD and reported no increase in lipid. The low concentration of FFA and shortqived response demonstrates the inadequacy of body lipid as an energy source in newborn pigs.
Treatments did not alter the response of the key glucoregulatory hormones, glucagon and insulin, during fasting. Likewise, there were no treatment x time effects, thus allowing the data for glucagon and insulin to be pooled (figure 1). Plasma insulin was low at birth and decreased quadratically (P<.05). The concentration of glucagon declined from birth to 12 h and then progressively increased to exceed birth levels by 36 h (811 vs 571 pg/ml). The decline in glucagon at 12 h may have been in response to elevated plasma glucose. These data compare well with another report (Kasset et al., 1982) and thus confirm that glucagon concentration is low and unresponsive during the initial 24 h. It required the extreme hypoglycemic signal of the 36-h fasted pig to evoke an appreciable response in plasma glucose. These data compare well with another report (Kasser et al., 1982) and thus which plasma glucagon increased approximately 3.5-fold after 24 h of fasting (Kasser, 1979) .
Nursing pigs have been reported to experience a marked elevation in plasma glucagon concent-cation (and increased gluconeogenic capacity) during the initial 24 h (Pegorier et al., 1981) . These differences imply that food intake may be critical for a responsive glucagon secretory pattern during the initial hours after birth. The relevance of the inadequacy in glucagon secretion is that it may be required for transport of long-chain fatty acids into mitochrondria for oxidation (Felig, 1981) . The importance of active fatty acid oxidation to gluconeogenic capacity has been demonstrated with rats (Ferre et al., 1979) .
The beneficial effects of BD and an AL mixture in sow gestation diets are potentially due to the glucose-sparing effect of these substances. Acetate and lactate are short-chain acids capable of crossing the placenta (Battaglia and Meschia, 1978) . The rationale for inclusion of acetate and lactate was to provide simultaneously alternative substrate for oxidation (acetate, lactate) and to enlarge the pool of gluconeogenic substance (lactate) potentially available to the fetus. Glucose is known to be a , 1976; Sissons et al., 1982) . The D (-) isomer is readily metabolized but at a slower rate than L (+) lactate. We are not aware of data that demonstrate the extent to which the former can be metabolized in fetal pigs. Definitive studies are required to determine the effect of these substances on placental transfer and metabolism in addition to the effect on fetal glucose metabolism.
Butanediol is metabolized in the liver to the ketones, 3HBA and aeetoacetate. Ketones readily cross the placenta in both the human (Paterson et al., 1967) and rat (Scow et al., 1958) . Assuming the same is true for the sow, 3HBA and acetoacetate could potentially serve as "metabolic signals" in that their presence normally indicates a limited glucose supply. They orchestrate the sparing of glucose by serving as an alternative substrate for oxidation in peripheral tissue (Robinson and Williamson, 1980) . Glycolysis is inhibited by ketones due to citrate inhibition of phosphofructokinase, thus decreasing glucose uptake (Randle et al., 1970 ). This could lead to an accumulation of glucose, which would then be synthesized into glycogen for storage. In addition, ketones have been shown to have antilipolytic properties and stimulate insulin release in some cases (Bates and Linn, 1976).
Increased total glycogen at birth in pigs from sows receiving AL and BD demonstrate the ability to manipulate fetal energy storage through sow gestation diets. Both a metabolic regulator (BD) and an enlarged pool of alternative energy substrates (AL) were effective in enhancing fetal glycogen storage. Based on the glucose data in fasting pigs, it appears that smaller newborn pigs from sows fed BD or AL diets may be more resistant to the development of hypoglycemia, improving their chances for survival in the competitive environment of the litter. Cross-fostering, the equalization of pig size and numbers across litters would benefit the less-competitive pigs and would be facilitated by the extended period of viability demonstrated in fasted pigs from BD and AL sows.
